axonal extension of DRG neurons. In contrast to other
Results signals that inhibit axonal outgrowth, WNT-3 induces axonal branching and growth cone enlargement rather Wnt-3 Is Expressed in Motoneurons of the Lateral Motor Column during the Formation of Sensorythan growth cone collapse. The effect of WNT-3 is selective for NT-3-dependent sensory neurons, as WNT-3
Motoneuron Connections
To study a possible role for WNTs in the formation of does not affect NGF-responsive sensory neurons. The specificity of the response matches the expression of neuronal connections in the mouse spinal cord, we examined the temporal expression pattern of several Wnt Wnt-3 in MNs at limb levels, the major postsynaptic targets of NT-3-responsive sensory neurons. Interestgenes between embryonic day 12.5 (E12.5) and E17.5. In the developing mouse spinal cord, Wnt-3-positive ingly, explants of cervical and lumbar, but not thoracic, VSC are significant sources of axonal remodeling activcells are first detected at E12.5 in the ventral horn (Roelink and Nusse, 1991). At E13.5 and E14.5, higher levels ity that is blocked by the WNT antagonist, secreted Frizzled-related peptide 1 (sFRP1). Thus, our studies of Wnt-3 expression are detected in the VSC where MNs are found ( Figure 1A) . Expression of Wnt-3 declines at identify a WNT-like axonal remodeling activity in the spinal cord that is differentially expressed along the E16.5 ( Figure 1A ) and E17.5 and becomes undetectable from E18.
(data not shown). anterior-posterior (A-P) axis. Taken together, our results suggest that MN-derived WNT-3 acts as a retrograde
The expression of Wnt-3 in lateral ventral areas of the spinal cord suggested that Wnt-3 was restricted to a branching and stop signal for muscle afferents during the formation of sensory-motor circuits in the spinal subset of MNs. Spinal MNs are divided into two large subpopulations, axial and limb MNs (Pfaff and Kintner, cord. Figures  1D and 1F) (Landmesser, 1978a (Landmesser, , 1978b ; Pfaff and Kintwe examined the expression of Wnt-3 in these mice. Islet-1 expression is normal in both MMC and LMC, ner, 1998). To test whether Wnt-3 expression is restricted to these two populations of MNs, we examined suggesting that MN number is not significantly altered in this mutant ( Figure 2D ). More importantly, in NT-3 the expression of Wnt-3 along the A-P axis of the spinal cord. In situ hybridization reveals that Wnt-3 is exnull mutant mice, Wnt-3 expression in spinal MNs is indistinguishable from that in wild-type littermates (Figpressed mainly in MNs at cervical and lumbar regions at E13.5 and not at thoracic levels (Figure 1) . Expression ure 2C). Thus, Wnt-3 expression in MNs is not dependent upon the arrival of sensory afferents to the VSC. of Islet-1, a LIM transcription factor expressed by MNs (Jessell, 2000) , shows that Wnt-3 is detected in the LMC but not in the medial motor column (MMC) (Figures 2A WNT-3 Induces Growth Cone Remodeling in Sensory Neurons and 2B). This restricted pattern of Wnt-3 expression along the A-P axis is also observed at E14.5 and E16.5
To test the possible role of WNT-3 as a retrograde signal, we examined whether WNT-3 regulates the behavior of (data not shown). Furthermore, the onset of Wnt-3 expression coincides with the arrival of sensory neuron sensory axons. Dissociated DRG neurons isolated from E13.5 mice cultured in the presence of both NGF and projections to the MN territory and when MNs begin to innervate muscles in the periphery (Altman and Bayer, NT-3 were exposed to soluble WNT-3 protein. Figure 5G ). This effect is specific for WNT-3, contrast, treatment with WNT-3 increases the size of as WNT-5A does not affect axon length ( Figure 5G ). In growth cones of NT-3-selected neurons ( Figure 5D ). contrast, WNT-3 has no effect on axon length on NGFQuantification of the growth cone area shows that responsive neurons (data not shown). These findings WNT-3 significantly increases the average size of growth demonstrate that WNT-3 induces axonal remodeling in cones (see also Figure 8C modeling activity, these effects were not statistically number of primary and higher order branches per neurite. In NGF-selected cultures, no significant differences significant ( Figures 6A and 6B) . Thus, NT-3-dependent sensory neurons are unresponsive to a number of WNT were found in the number of primary, secondary, and higher order branches between control and WNTproteins. treated cultures ( Figure 7C ). In NT-3-selected neurons, WNT-3 increases the number of secondary, tertiary, and WNT-3 Induces Axonal Branching in Sensory Neurons higher order branches ( Figure 7D ), although it does not affect the number of primary branches (data not shown). In the VSC, sensory axons branch as they reach the motor nuclei (Kudo and Yamada, 1987). Since Wnt-3 is In contrast, WNT-5A has no effect on axon branching ( Figures 7C and 7D ). The increased branching suggests expressed during this period, we tested whether WNT-3 has a branching activity on DRG neurons. In NT-3-that WNT-3 affects the axon shaft to generate a new area of axon growth. Taken together, our findings indiselected cultures, control neurons are mainly bipolar with few branches (Figure 7A ), whereas WNT-3-treated cate that WNT-3 acts as a stop and axonal branching signal for a select population of sensory neurons, the neurons show an increase in the number of branches ( Figure 7B ). To quantify this effect, we measured the Ia afferents. 8D ). We noticed a higher branching activity in 
In Sensory Neurons
Values are mean Ϯ SEM, n ϭ 30-50.
The changes in the morphology of sensory axons induced by WNT-3 are similar to those observed when Figures 5E and 10E) . However, sodium chloride treatment does not affect the distribution of growth cones in NT-3-selected cultures ( Figures  5F and 10F) . Lithium causes growth cone enlargement in NT-3-responsive neurons when compared to sodium (p Ͻ 0.001; Figures 10B and 10D) . Unlike WNT-3, lithium affects NGF-selected neurons (p Ͻ 0.001; Figures 10A  and 10C ). In both populations there was a shift in the distribution of growth cone size toward growth cones greater than 500 m 2 compared to control (Figures 10E  and 10F) .
Lithium treatment also reduces axon length by 53% in NGF-selected and 48% in NT-3-selected neurons ( Figure 10G ) and increases axonal branching in both NT-3 and NGF-responsive sensory neurons ( Figure  10H ). Thus, lithium mimics WNT-3 signaling in NT-3-dependent sensory axons. However, the effect of lithium is not restricted to this specific neuronal population. These results indicate that axonal remodeling is a consequence of GSK-3␤ inhibition and suggest that NGF- 
Antagonized by sFRP1
The pattern of Wnt-3 expression in the LMC and the effect of WNT-3 on NT-3-selected sensory neurons suggest that WNT-3 could act as a retrograde signal from axons come into contact with their target and begin to MNs to regulate the formation of motor-sensory neuron form synapses. To begin to address the possible role connections. To begin to address the role of WNT-3 in of WNT-3 in synapse formation, we examined the effect vivo, we examined whether VSC at limb levels is a source of WNT-3 in the clustering of synapsin I, a presynaptic of WNT-like endogenous activity. Cervical, thoracic, and protein involved in synapse formation and function (Chin lumbar VSC explants ( Figure 11A ) were cultured for 24 et al., 1995; Rosahl et al., 1995). DRG neurons were hr in serum-free media. CM from these explants were cultured for 6 days and exposed to control or WNT-3 then used to treat NT-3-or NGF-selected sensory neucontaining media for the last 16 hr of the culture period.
rons. We found that secreted factors from cervical and In control sensory neurons, synapsin I is localized in lumbar levels induce growth cone enlargement in NTsmall clusters along the axon and in very few large clus-3-selected DRG neurons (p Ͻ 0.001 for both conditions; ters that formed in areas where several axons cross Figures 11B and 11D ). This effect can be observed by ( Figure 9A) . In contrast, neurons cultured in the presence the reduction in the percentage of growth cones with a of WNT-3 formed numerous large and small synapsin I size less than 100 m 2 to 15% for cervical and 13% clusters ( Figure 9B ). WNT-3 also increases the overall for lumbar compared to 27.5% in control ( Figure 11E ). level of synapsin I along the axon ( Figure 9B) . The effects Furthermore, growth cones with an area greater than of WNT-3 on axonal remodeling and synapsin I cluster-500 m 2 increase to 37% and 35% respectively, coming suggest a role for WNT-3 in presynaptic differentipared to 20% in control ( Figure 11E ). The shift in growth ation.
cone area distribution is similar to that observed in the presence of WNT-3. In contrast, CM from thoracic levels, where Wnt-3 expression is undetected, does not have
Inhibition of GSK-3␤ by Lithium Mimics the Effect of WNT-3 In Sensory Neurons
a significant effect on the growth cone size distribution in NT-3-responsive neurons ( Figures 11C and 11E) . FurThe lack of response of NGF-selected sensory neurons to WNT-3 raised the question of how these cells differ thermore, CM from VSC does not affect growth cone size of NGF-responsive neurons ( Figure 11F ), as obfrom the NT-3-selected population. To address this issue we activated the canonical WNT signaling pathway served with WNT-3. These findings suggest that VSC from cervical and lumbar regions secretes factors with downstream of the receptor using lithium, a direct inhibitor of GSK-3␤ (Klein and Melton, 1996). Lithium mimics a WNT-like activity. To investigate if this activity was due to the presence Discussion of a WNT protein, we tested whether the WNT antagonist sFRP1 could block the axonal remodeling activity of The formation of functional motor connections in the spinal cord requires matching of specific sensory neu-VSC. We found that sFRP1 blocks the growth cone remodeling activity of cervical and lumbar VSC-secreted rons with their appropriate MN targets. Here we present data that suggest a role for WNT-3 from MNs in regulatfactors in NT-3-selected sensory cultures. Addition of sFRP1 to CM from cervical and lumbar explants reverts ing the terminal arborization of muscle sensory afferents in the spinal cord. Wnt-3 is expressed by MNs at cervical growth cone size to control values (p Ͻ 0.001 for both conditions; Figure 11E ). Thus, VSC at limb levels has and lumbar levels at the time when sensory neurons come into contact with MNs. WNT-3 inhibits neuronal an axonal remodeling activity that can be blocked by sFRP1. Since Wnt-3 is expressed at cervical and lumbar outgrowth while increasing growth cone size and axonal branching in NT-3-responsive sensory neurons, the prelevels in MNs of the LMC, WNT-3 is likely to mediate at least in part this endogenous growth cone remodeling synaptic targets for MNs. Thus, the behavior induced by WNT-3 resembles that observed in sensory axons as activity of the VSC. WNT-3 is likely to be mediated through GSK-3␤. Second, promotes the growth of branches along the axon shaft. How can these two activities be elicited by a uniform the ability of lithium in contrast to WNT-3 to induce axonal remodeling in both NT-3-and NGF-responsive expression of Wnt-3 specifically in the LMC and its effect only on NT-3-responsive neurons suggest that WNT-3 sensory neurons suggests that NGF-dependent sensory contributes to the axonal remodeling activity of the VSC. neurons do not express a functional receptor for WNT-3.
Although the contribution of factors other that WNT-3 Third, the differences in axon growth at the growth cone cannot be ruled out, our data strongly suggest that and axon shaft lie downstream of GSK-3␤. Differential WNT-3 is mediating the activity of VSC. First, the expresdistribution of GSK-3␤ targets such as MAPs or other sion of Wnt-3 along the A-P axis of the spinal cord cytoskeleton components along the axon may contribcorrelates with the presence of the endogenous axonal ute to the different response to WNT-3. Thus, local remodeling activity of the VSC. Second, both WNT-3 changes in composition of the cytoskeleton may explain and VSC factors affect NT-3-but not NGF-responsive the different behaviors induced by WNT-3 signaling. sensory neurons. Third, both activities are blocked by Axon guidance molecules also induce distinct sFRP1, a secreted WNT antagonist. Thus, our studies changes in the behavior of the axon shaft and growth support the notion that WNT-3 from MNs can act as a cone. Slit proteins increase axonal extension and retrograde signal that regulates the terminal arborization branching of sensory neurons (Wang et al., 1999) . Eph of the muscle afferents that innervate the LMC. molecules and Semaphorin 3A inhibit axonal extension
The peak of expression of Wnt-3 coincides with the via growth cone collapse, but promote collateral branching arrival of NT-3-responsive axons to the VSC, raising of retinal ganglion cells (Davenport et al., 1999) . This the possibility that sensory input may regulate Wnt-3 contrasts with WNTs and FGF-2 that inhibit axonal exexpression in MNs. Therefore, we used NT-3 null mice tension, yet increase the size of growth cones ( 
